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Vapor phase solvatochromic responses of
polydiacetylene embedded matrix polymers†
Meng-Che Tu,ab Jamal Ahmed Cheema,ab Umit Hakan Yildiz,c
Alagappan Palaniappan*ab and Bo Liedberg*abd
The solvatochromic response of polydiacetylene (PDA) in the vapor phase is enabled upon incorporation
with matrix polymers such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), polyacrylic acid
(PAA), and poly-4-vinylpyridine (P4VP). The matrix polymers provide a soft/gel-like framework for
accommodating photopolymerized PDA, while facilitating its conformational alternations upon
interaction with preconcentrated volatile organic compounds (VOCs). The matrix polymers enabled the
differentiation of VOCs owing to their varying morphology, chemical affinity and solubility in VOCs. The
ratios between PDA and the matrix polymers are optimized according to the obtained solvatochromic
responses evaluated in varying temperature, humidity and storage conditions. As a proof of concept, a
finger-print array for differentiation of 7 VOCs is demonstrated using matrix polymer-embedded PDA. The
obtained results indicate that the response time and sensitivity of the proposed methodology supersedes
previous reports on solvatochromic VOC assays. Furthermore, the proposed methodology would enable
differentiation of a wide range of VOCs upon incorporation of additional matrix polymers with varying
sorption properties.
1. Introduction
Volatile organic compound assaying is vital for the environ-
ment as well as health safety.1 Development of sensitive and
selective VOC assays is therefore holding promise to avoid long
term exposure to hazardous VOCs. Among various VOC assay
methodologies reported, electrical and optical based transduction
have attracted significant research interest due to their excellent
sensing performances.2–8 While comparable sensitivities of
electrical and optical systems have been reported, the latter
offers several advantages such as cost effectiveness, and ease of
operation and fabrication.9
Conjugated polymers such as polydiacetylene (PDA) have been
explored for solvatochromic VOC assay due to its alternating
structure and unique optical properties. PDA exhibits color
change from blue to red upon conformational alternations in
its backbone induced by external stimuli, such as pH change,
temperature, sorption, ligand–receptor interaction, andmechan-
ical stress.10–17 Color transition relies on the switching between
planar–nonplanar conformations of the backbone that influences
the HOMO and LUMO levels of PDA.18,19 The change in color is
usually accompanied by a change in fluorescence intensity; the
maximum absorption wavelength (lmax) changes from 640 nm
(blue phase) to 540 nm (red phase), and the emission peak is
revealed at 560 nm (red phase).20,21 Although the color of PDA
changes immediately upon addition of most solvents, their vapor
phase does not induce the same effect on PDA, even under
saturated conditions. Therefore, terminal groups of diacetylene
(DA, monomer) were modified in order to achieve better sensitiv-
ity in the vapor phase.22–25 However, these attempts on terminal
group modifications of DA involve tedious synthesis protocols. In
this article, a rational strategy to improve VOC response in the
vapor phase is demonstrated by incorporating matrix polymers
such as polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
polyacrylic acid (PAA), and poly(4-vinylpyridine) (P4VP) with
DA. Matrix polymers condense the VOCs in the vapor phase,
subsequently concentrating them in the vicinity of PDA, thereby
enabling solvatochromic responses. These matrix polymers are
chosen based on their solubility in the VOCs and miscibility with
DA in organic solvents. The capability of the matrix polymers
to capture VOCs yields varying solvatochromic responses. Subse-
quently a solvatochromic response array is developed to indicate
the feasibility of differentiating VOCs in the vapor phase. Com-
pared to previous reports on solvatochromic VOC assay, the
proposed methodology is facile, rapid and more sensitive to VOCs
in vapor phase.
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2. Experimental
2.1 Preparation of PDA cellulose membrane
The PDA cellulose membrane was prepared by a drop-casting
method as shown in Fig. 1. Briefly, 0.625 mg of DA monomer,
10,12-docosadiynedioic acid (purchased from Sigma-Aldrich)
and matrix polymer were dissolved in ethanol or dichloro-
methane (depending on the solubility of matrix polymer) under
stirring conditions, followed by drop-casting the obtained viscous
solution onto cellulose membrane at room temperature. A white
coloredDA embeddedmembrane was obtained upon evaporation of
organic solvent. For control experiments, DA embeddedmembranes
without the matrix polymers were also prepared. The membranes
are exposed to UV (UV lamp, 254 nm, 6 mW) for 15 s for
polymerization yielding a blue PDA/matrix polymer membrane,
which was subsequently utilized for VOC vapor tests. The 6 mm
diameter punched PDA/matrix polymer membranes were then
covered by aluminum foil when not in use. The matrix polymers,
polyvinylpyrrolidone (PVP, average Mw: 40000), polyethylene glycol
(PEG, averageMw: 8000), polyacrylic acid (PAA, averageMw: 160000),
and poly-4-vinylpyridine (P4VP, average Mw: 60000) were purchased
from Sigma Aldrich and used without further purification.
2.2 VOCs vapor sensing setup
The VOC atmosphere was created by dropping VOC solvents in
a sealed chamber. The response time is recorded from closing
the chamber to the time of recording the color change. The
amount of VOCs is 0.5 mL in a 125 mL chamber (0.4% (v/v)).
The images were taken using a digital camera. The RGB values
were read by ‘‘imageJ’’ software over 100  100 pixels (about
25% of total area).
3. Results and discussion
3.1 Scheme and sensing mechanism
Fig. 1a illustrates the proposed VOC assay fabrication and trans-
duction mechanism of PDA polymer on cellulose membrane. DA
monomers mixed with matrix polymers are polymerized to form
PDA within thematrix polymer framework. This is evident from the
observed change in color from white (DA on cellulose membrane)
to blue, corresponding to PDA in a trans conformation. Upon VOC
exposure, diffusion controlled swelling of the soft/gel-like matrix
polymer induces mechanical distortion causing conformational
change in the PDA backbone, as observed by the change in
color from blue to red, corresponding to PDA in the cis
conformation. For the control experiments (without matrix
polymers), the color change observed upon tetrahydrofuran
exposure is likely induced by distortion of PDA side chains that
are associated with cellulose membranes (Fig. 1b).
Fig. 1b shows that PDA yields a rapid and distinct solvato-
chromic response to most VOCs in the solvent phase. However,
VOCs in the vapor phase do not induce solvatochromic responses.
Therefore, in order to enhance the solvatochromic response in the
vapor phase, gel-like matrix polymers were utilized for providing
solubilizing capability of the VOCs thereby causing mechanical
distortion of PDA. The gel-like matrix exhibits swelling to varying
extents upon exposure to different VOCs thereby causing defor-
mations of the PDA backbone and unique solvatochromic
responses. Various matrix polymers and PDA compositions
were prepared in order to distinguish VOCs by utilizing the
above mentioned phenomenon.
3.2 Composition optimization of PDA/PVP
Compositions of DA :matrix polymers from 1 : 0 to 1 : 400 (wt.
ratio) were prepared in order to optimize the solvatochromic
response of 7 VOCs in the vapor phase. Fig. 2 shows the
Fig. 1 (a) The mechanism of solvatochromic VOC assay using PDA/matrix
polymers on a cellulose membrane. The white and grey features refers to
the matrix polymers. (b) Solvatochromic responses of PDA upon exposure
to VOC in the liquid phase and vapor phase, respectively.
Fig. 2 The solvatochromic response of PDA embedded PVP in varying
ratios upon exposure of 7 VOCs at 0.4% v/v for 5 min.
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solvatochromic response of PDA/PVP with varying weight ratios
upon exposure to 0.4% (v/v) VOC vapor. When the ratio of PDA/
PVP is 1 :0 (no PVP added), only tetrahydrofuran vapor yielded
evident blue-red color transition in 5 min, indicating that only
tetrahydrofuran vapor was able to alter the conformation of the
PDA’s backbone efficiently among the VOCs tested. Upon increasing
the concentration of PVP (PDA:PVP – 1 :5), a red color was observed
upon exposure to chloroform vapor for 5 min. Similar solvatochro-
mic responses were obtained for dichloromethane and ethanol
vapors at PDA:PVP ratios of 1 :25 and 1 :50, respectively.
In order to investigate the influence of PVP on enabling the
solvatochromic response of PDA, 25 mg PVP powder was
dispersed on top of the PDA membrane and exposed to ethanol
vapors. Digital images of the PVP dispersed PDA membranes
recorded at an interval of 45 s are consolidated and shown in
Fig. S1 (ESI†). As observed from Fig. S1 (ESI†), PVP powders
dispersed on PDA appear to form a gel-like composite over time,
condensing ethanol vapor thereby facilitating the change in
conformation of the PDA backbone and subsequently yielding
an enhanced solvatochromic response.
The overall observation is that the solvatochromic response
increases with the amount of PVP. However, ratios exceeding
1 :100 yielded a lower solvatochromic response. One possible
explanation is that an excess amount of PVP influences the spatial
arrangement of PDA in PVP, forming a thicker and denser layer of
PVP surrounding PDA, thereby inhibiting VOC vapor from inducing
a conformational change in the PDA backbone. The optimal ratio
of PDA/PVP was therefore determined to be 1 : 100 as it yields the
most evident solvatochromic response. The ratios between PDA
and the other matrix polymers including PEG, PAA, and P4VP were
also optimized for maximizing the solvatochromic response to the
tested VOC vapors (Fig. S2–S4, ESI†).
Fig. 3 demonstrates the solvatochromic sensor array with
the optimized ratio of PDA/matrix polymers upon exposure to
0.4% (v/v) VOC vapor. The matrix polymers yielded unique color
patterns towards tested VOC vapors. Although PAA enabled
effective photo polymerization of PDA, as observed from the
dark blue color of PDA, it did not yield distinct solvatochromic
response to the VOCs.
In order to further understand the influence of matrix polymers
on the solvatochromic response of PDA, polymers in powder form
was used to replace the PDA/matrix polymermembrane and exposed
to 0.4% VOC vapors. The weight difference of the membrane was
then measured upon exposure to VOC vapors for 5 min (Table S1,
ESI†). The net weight increase % was defined as 100%  (W  W0)/
W0, where W0/W represents the weight before/after vapor exposure,
respectively. As observed from Table S1 (ESI†), significant changes in
weight were observed for PEG to chloroform vapor, which is almost
twice the weight change observed for other VOCs. The PEG powder
turned into a gel-like material, implying that the weight increase is
due to the solubility of PEG in chloroform vapor. Based on this
observation, it could be ascertained that the weight increase
depends on VOC vapor sorption characteristics in the matrix poly-
mer. It was observed that the solvatochromic responses of thematrix
polymers/PDA (Fig. 3) correlated well to the increase in weight%
(Table S1, ESI†). Furthermore, the Hildebrand solubility parameter
(d) of polymers and organic solvents (Table S2, ESI†) provides a
numerical estimate of the degree of interaction between them.
Materials with similar values of d indicate miscibility. The d values
of the tested VOCs ranged from 14.9 (hexane) to 26.0 (ethanol). As
observed from Table S2 (ESI†), the larger d difference between
hexane (d of 14.9) and the matrix polymers (between d of 22.2 and
25.7) implied immiscibility, which is in agreement with the
insignificant colorimetric responses, whereas smaller d differ-
ences between the polymers and the other VOCs tested (for
instance dichloromethane and chloroform) yielded significant
colorimetric responses.
3.3 Concentration dependent response of 5 PDA embedded
membranes
Solvatochromic response of all the PDA matrix polymers
(PDA, PDA/PVP, PDA/PEG, PDA/PAA, and PDA/P4VP) were then
evaluated for varying concentrations (v/v, 0.008% to 2%) of 7
VOCs upon exposure for 5 min at room temperature (Fig. 4).
The RGB values were recorded by ‘‘imageJ’’ software and the
normalized signal was calculated by the following equation,
(R/B)/(R0/B0), where R, B and R0, B0 are the values of the red and blue
components of the membranes before and after VOC exposure,
respectively. For the PDA embedded membrane (without polymer
matrix), there is no evident color change for VOCs at concentrations
lower than 0.4%; solvatochromic responses of lower magnitudes
were observed for 2% of dichloromethane, chloroform and toluene.
As for the PDA/PAA membrane, all tested VOCs yielded indistin-
guishable solvatochromic responses even at high concentra-
tions of VOC. Besides, the solvatochromic response is even
lower than that of the PDA membrane for dichloromethane and
toluene, which could be due to the blocking of VOC vapor from
contacting the PDA embedded in the membrane by the PAA
layer. PDA/PVP and PDA/P4VP membranes showed distinguish-
able solvatochromic responses to both dichloromethane and
chloroform for concentrations above 0.4%. In addition, a
visible color change of the PDA/PVP membrane for ethanol
vapor was observed. The addition of PEG to the PDA embedded
membrane improved the solvatochromic response attributed to
its ability of absorbing VOC vapors. The solvatochromic response
Fig. 3 The solvatochromic response of PDA embedded matrix polymers
upon exposure of 7 VOC at 0.4% (v/v) for 5 min; PDA :matrix polymer ratios
are 1 : 100 for PDA/PVP, PDA/PEG and PDA/PAA, and 1 : 10 for PDA/P4VP.
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of the PDA/PEG membrane was saturated at 0.4% of dichloro-
methane and 0.08% chloroform vapors. Besides, the PDA/PEG
membrane yielded a slightly higher solvatochromic response to
toluene vapor.
As observed from Fig. 4 and Table S1 (ESI†), the sorption
ability of VOC vapors in the matrix polymers, for instance,
sorption of chloroform in PEG yielded nearly 100% increase in
weight, yielding a significant solvatochromic response. Fig. 4
shows that saturated solvatochromic responses for chloroform
are obtained even at a low concentration of 0.08%. On the other
hand, neither PDA nor the PDA/matrix polymer responded to
hexane, which could be attributed to weak interaction between
hexane vapor and the matrix polymers. Furthermore, the matrix
polymers which do not form a soft-gel like framework, for
instance, PDA/PAA, yielded a lower solvatochromic response at
a concentration of 2% dichloromethane (v/v) compared to PDA.
The obtained results therefore indicate that not every matrix
polymer could facilitate color transition and that the improve-
ment in solvatochromic response depends on the properties of
the matrix polymer, primarily their solubilities in VOCs.
3.4 Two matrix polymers mixed with the PDA embedded
membrane
The addition of a single matrix polymer to the PDA embedded
membrane successfully changed the solvatochromic response upon
exposure of VOC vapors. In order to further tune the solvatochromic
response to VOC vapors, PDA embedded in twomatrix polymers was
tested for its solvatochromic response as shown in Fig. 5. The weight
ratio of PDA to matrix polymers (PVP + PEG) is fixed at 1 :100, and
PVP :PEG is tested from 100 :0 to 0 :100. When there is no PEG in
the membrane (PDA/PVP/PEG = 1/100/0), only ethanol showed a
solvatochromic response (Fig. 5a) and in cases when there is no PVP
Fig. 4 RGB analysis of 5 PDA embedded matrix polymers (n = 3) upon exposure to VOC vapor (0.008–2% (v/v)).
Fig. 5 (a) Solvatochromic response of PDA embedded within varying ratios of PVP and PEG, the ratio of PDA to PVP/PEG is fixed at 1 (0.625 mg). (b) RGB
analysis of (a).
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in the membrane (PDA/PVP/PEG = 1/0/100), only toluene showed a
solvatochromic response. Fig. 5b (RGB analysis of Fig. 5a) illustrates
that the increase in wt% of PVP enhanced the solvatochromic
response of PDA/PVP to ethanol. On the other hand, the increase
in wt% of PEG also improved the response to toluene. The obtained
response further confirms that the PDA/PVP membrane is sensitive
to ethanol vapor and the PDA/PEG membrane is sensitive to
toluene vapor. However, intermediate PVP/PEG ratios tested
yielded solvatochromic response for both ethanol and toluene
vapors. Therefore, PDA embedded with two or more matrix
polymers would enable tuning of the solvatochromic responses,
implying the potential for the development of a solvatochromic
array for selective VOC assaying.
3.5 Influence of humidity, temperature and storage time on
solvatochromic responses
The solvatochromic responses of 5 membranes to 7 VOCs vapor
were evaluated in a chamber with controlled relative humidity
(R.H.) ranging from 20% to 90% as measured by an Extech
humidity meter. The R.H. was controlled by introducing N2
flow (R.H. o 70%) or by introducing wet tissue (R.H. 4 80%)
into the closed chamber. Different VOCs at 0.4% (v/v) were
introduced once the desired R.H. was reached. As shown in
Fig. 6a, no significant color difference was observed in the R.H.
regime, which is in an agreement with RGB analysis as shown
in Fig. S5 (ESI†). Although PVP, PEG, and PAA are soluble in
water, no significant interferences in the solvatochromic VOC
responses were observed. One possible explanation is that the
vapor pressure of water is relatively lower than that of the VOC
vapors tested, thereby limiting matrix polymer-gel formation by
water vapor that could influence a colorimetric response.
Fig. 6b and c show the solvatochromic response and their RGB
analysis under varying temperatures. Colorimetric responses were
not observed for temperatures below 40 1C. PDA/PEG and PDA/
PVP, PDA and PDA/P4VP, and PDA/PAA show evident changes in
color at 50 1C, 60 1C, and 70 1C, respectively. Temperature ranges
Fig. 6 (a) The solvatochromic response of matrix polymer/PDA embedded membranes under R.H. between 20% and 90%. (b) Their corresponding
solvatochromic responses and (c) RGB analysis of the matrix polymer/PDA embedded membranes at varying temperatures. Solvatochromic response of
(d) freshly prepared and (e) matrix polymer embedded PDA stored for 3 months and (f) normalized RGB signals of freshly prepared and matrix polymer
embedded PDA stored for 3 months.
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over 40 1C are therefore not suitable for VOC assaying using the
proposed methodology.
In order to evaluate the long term stability of these
membranes, the solvatochromic responses of the membranes
stored for up to three months were compared with the freshly
prepared membranes. The membranes were stored in the dark
at room temperature. Fig. 6d and e illustrate that comparable
solvatochromic responses are achievable for membranes pre-
pared and stored for three months prior to testing. Furthermore,
RGB analysis (Fig. 6f) shows that the deviation of a normalized
signal is within 2% between freshly prepared and stored
membranes, indicating good stability of the PDA/matrix poly-
mer membrane. In summary, our experimental results illus-
trate that the as-fabricated PDA/matrix polymer embedded
membrane demonstrated good reproducibility under various
humidity conditions. It also displayed good thermal and long-
term storage stability.
The robust PDA embedded membranes could potentially be
used for fabrication of a sensor array as illustrated in Fig. 7a
and b for VOC discrimination. The as prepared PDA mem-
branes attached to a flexible transparent sheet further indicates
the advantages of the proposed methodology such as low-cost
and ease of use. Although solvatochromic responses were
obtained for lower VOC concentrations than reported before
using PDA13,22,24,25 (Table 1), sub-ppm detection sensitivities
have been reported using established methodologies such
as chromatography, electrochemical and optical assays.26–29
However, compared to previous reports on PDA for vapor phase
VOC assays, the proposed methodology is an attractive, more
sensitive and provides a simpler way to enhance the solvato-
chromic response of PDA film by incorporating matrix poly-
mers with PDA. Future studies will therefore emphasize on
sensitivity enhancement approaches such as optimization of
stoichiometric ratios of polymer materials and their compo-
sites, extending the range of matrix polymers, and design of a
sophisticated miniaturized gas sensing set-up that would con-
centrate VOC in the proximity of PDA.
4. Conclusions
A facile methodology for VOC assay in the vapor phase is proposed.
PDA was incorporated with matrix polymers such as PVP, PEG,
PAA, and P4VP and tested for solvatochromic responses to different
VOCs. PDA/matrix polymers were utilized to distinguish VOC such
as chloroform, tetrahydrofuran, dichloromethane, ethanol, and
toluene. The weight ratios between PDA and the matrix polymer
were optimized based on the obtained solvatochromic responses.
The soft gel-like matrix polymer enabled altering the conformation
of the PDA backbone upon VOC exposure, subsequently yielding
solvatochromic responses. Among the testedmatrix polymers, PDA/
PEG demonstrated the most significant improvement in the solva-
tochromic response compared to the PDA embedded membrane
(up to 2 orders of magnitude). Besides, mixing twomatrix polymers
with PDA enabled tuning the solvatochromic response, implying
the possibility of the development of solvatochromic sensor arrays.
Moreover, the PDA/matrix polymer membrane could be stored at
room temperature in a dark environment for up to 3 months
without affecting the solvatochromic response. The experimental
results further illustrated that the solvatochromic responses were
not influenced by R.H. variations and were amiable for operation at
temperatures up to at least 40 1C. Thus, the proposed methodology
is a promising approach for the development of a solvatochromic
sensor array for assaying a wide range of VOCs.
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